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Epstein-Barr virus (EBV) is the causative agent of infectious mononucleosis and is associated with several malignancies (including Burkitt's lymphoma, nasopharyngeal carcinoma, and immunoblastic lymphomas) in transplant recipients and patients infected with human immunodeficiency virus (28) . EBV infects normal resting B cells in vitro and activates them in a way reminiscent of that in which B cells are activated in response to their cognate antigen. The resulting immortalized lymphoblastoid cell lines (LCLs) express a well-defined phenotype characterized by the expression of high levels of activation and adhesion molecules and resemble lymphoblasts (22) . The virus achieves this by encoding six EBNAs, three latent membrane proteins (LMPs), and two untranslated RNAs (EBERs), not all of which are essential for immortalization. EBV remains latent in resting circulating B cells with its genome present in a limited number of copies as covalently closed episomes. The switch between latency and replication of EBV is mediated by the BZLF1 gene in the BamHIZ fragment of EBV. The BZLF1-encoded protein (ZEBRA) is a 38-kDa nuclear protein. Like ZEBRA (or Zta), the R transactivator (Rta) plays an important role in the switch from latency to the lytic phase (16) . In both epithelial cells and B lymphocytes (21) , Rta alone is capable of disrupting latency. In other cell types, a combination of ZEBRA and Rta induces the activation of early viral promoters (2) . In studies based on serological data, we have demonstrated that high titers of anti-ZEBRA antibodies are to be found both in patients with Hodgkin's disease (6, 11) and before posttransplant lymphoproliferative disorders in renal transplant recipients (5) .
The presence of these two immediate-early proteins in the B-cell lineage, as detected with monoclonal antibodies produced in our laboratory (3), could thus be evaluated as a marker of virus replication, possibly associated with tumor progression (13) . Infected cells in the peripheral blood of persistently infected healthy individuals are confined to the B-cell lineage and are present at levels varying between 1 and 50 per 10 6 B cells (18) . In immunocompromised patients, they are present at higher levels, e.g., 1 to 10 lytic-infected cells per 10 4 B lymphocytes (1, 22 ), but are rare nevertheless, which makes them difficult to detect with immunofluorescence under light microscopy. The use of flow cytometry seems a promising alternative in this context, as it allows a particular cell population (B lymphocytes) to be first targeted before examining this preselected population for cells expressing lytic-phase antigens.
The goal of our present study was to assess the feasibility of detecting lytic-phase EBV antigens with flow cytometry. To this end, we evaluated different experimental conditions for cell fixation and permeabilization, and several anti-ZEBRA and anti-Rta antibodies, on cell lines expressing lytic-phase EBV antigens. Using the conditions found to be optimal, we then performed some preliminary evaluative tests on peripheral blood mononuclear cells (PBMCs) from a transplanted patient with a lymphoproliferative disease.
MATERIALS AND METHODS
Cell cultures and lytic-phase antigen chemical induction. Four cell lines that did or did not express lytic-phase EBV antigens were purchased from the American Type Culture Collection (Manassas, Va.). The nonpermissive human Burkitt's lymphoma Namalwa cell line (CRL-1432) served as a negative control. The human P3HR-1 (HTB-62) and the marmoset B95-8 lymphoblastoid cell lines are both totally permissive to the virus, leading to its complete replication. The human lymphoblastoid RAJI cell line (CCL-86) leads, after stimulation, to abortive replication (expression of EBV antigens restricted to the immediate-early phase).
All cell lines were grown at 37°C in a 5% CO 2 atmosphere in RPMI 1640 (Life Technologies, Cergy-Pontoise, France) containing 7.5% (Namalwa), 10% (RAJI and B95-8), or 20% (P3HR-1) fetal calf serum (Life Technologies), 2 mM glutamine (Life Technologies), and a mixture of antibiotics.
Lytic-phase induction or amplification was obtained by adding to the growth medium 50 ng of phorbol 12-myristrate 13-acetate (TPA) (Sigma, Saint-Quentin en Yvelines, France) per ml or a mixture of TPA at the same concentration with 1 mM butyric acid (Sigma). The cells were harvested for fluorescence-activated cell sorter (FACS) analysis 3 days after induction.
MAbs. Four monoclonal antibodies (MAbs) were obtained by immunizing BALB/c mice with ZEBRA or Rta recombinant antigens, as previously described (3) . MAbs AZ125 and AZ130, both from the immunogloblin G2 (IgG2) subclass, were directed against BZLF1 antigens, while AR5A9 and AR8C12, from the IgG1 subclass, recognized BRLF1 antigens. All MAbs were used as ascitic fluid, and AZ125 and AR5A9 underwent additional purification by affinity chroma-tography on an A protein column (Fast Flow Laboratories) and were labeled with fluorescein isothiocyanate (FITC). Fixed and permeabilized cells were washed and incubated for various lengths of time (30 to 60 min) at 4 or 37°C with a saturating amount of each anti-EBV MAb or IgG1 or IgG2 isotype control (Caltag/Tebu). MAbs used as ascitic fluid were diluted from 1/1,000 to 1/5,000, whereas purified MAbs and isotype controls were used at concentrations ranging from 0.1 to 2 g per assay. The cells were then washed and, when MAbs were used as ascitic fluid, incubated for 30 min at 4°C with FITC-F(abЈ)2 goat anti-mouse IgG (Bioatlantique, Nantes, France) diluted at 1/100.
All steps involving incubation were performed in media supplemented with 20% human AB serum to limit nonspecific labeling. Incubation media varied according to the procedure used to prepare the cells: they were, respectively, phosphate-buffered saline (PBS) for the PF/M method, PBS supplemented with 0.2% Tween 20 for the PF/T method, and the reagents provided in the kit for the two other methods, as specified by the manufacturers.
Washes were carried out in PBS supplemented with 0.2% Tween 20 for cells prepared by the PF/T method.
Flow cytometry analysis. Samples were analyzed on a FACScalibur flow cytometer (Becton Dickinson, Mountain View, Calif.). At least 15,000 cells were gated by light scattering and collected in a list mode manner. Percentages of cells expressing EBV lytic-phase antigens and mean fluorescence intensity were determined on FITC histograms for the cell lines and on dot plots of forward side scatter versus FITC fluorescence for the PBMCs from the patient, using a region defined according to the isotype control analysis. All experiments were run in duplicate in two independent series. Analysis on PBMCs. PBMCs from a nonmyeloablative bone marrow transplant recipient with lymphoproliferative disease (17) were obtained from blood samples collected into an EDTA tube by density gradient centrifugation (FicollHypaque; Eurobio, Les Ullis, France). PBMCs were then prepared by the PF/M method and stained with MAb AZ125 or IgG2 isotype control, as described for EBV cell lines.
In order to demonstrate viral replication, the presence of ZEBRA mRNA was also determined from RNA extracts obtained from the PBMCs by the RNA-PLUS extraction system (Appligene, Illkirch, France). The BZLF1 reverse transcription-PCR (RT-PCR) assay was carried out in a one-tube reaction with the Superscript one-step RT-PCR system (Life Technologies), with amplification performed as previously described (30) .
RESULTS
The technical procedures providing optimal utilization of the four anti-EBV MAbs in flow cytometry were first identified in B95-8 cells cultivated without chemical induction and prepared with paraformaldehyde-methanol. These conditions were then applied to the other cell lines. For the four MAbs used as primary antibodies, incubation at 37°C during 45 min appeared to be adequate (data not shown). No difference was observed when an unpurified MAb was compared with the corresponding FITC-labeled MAb: the optimal concentrations for AZ125 and AR5A9 were, respectively, 1 and 0.5 g for 5 ϫ 10 5 cells. In order to obtain maximum levels of expression of both ZEBRA and Rta antigens, two chemical induction protocols were evaluated on the four selected EBV cell lines (Table 1) . Namalwa cells, used as a negative control, never expressed any of the antigens tested for, as expected. Very mild induction of ZEBRA and Rta expression was observed in RAJI cells stimulated by TPA alone, but the addition of n-butyrate during chemical induction led to a 10-fold increase in the levels expressed of both antigens. This was observed with each related MAb. In the two other cell lines (B95-8 and P3HR1) expressing basically ZEBRA and Rta antigens, incubation with TPA and n-butyrate induced a three-to fivefold increase of the percentage of cells expressing both antigens and was associated with a higher mean fluorescence intensity, especially with MAb AZ125 and MAb AR5A9.
The four protocols for fixation and permeabilization were compared by running them in parallel with the four cell lines cultivated for 3 days in the presence of TPA and n-butyrate (Fig. 1) . Levels of antigen expression were assessed with the two MAbs yielding the highest mean fluorescence, AZ125 and AR5A9, with each of the four fixation-permeabilization procedures. Namalwa cells never expressed lytic-phase antigens, whichever protocol was used (data not shown), confirming that no nonspecific labeling occurred with the two selected MAbs. Cell preparation with paraformaldehyde and Tween 20 always led to a significant underestimation of both ZEBRA and Rta antigens (data not shown). Percentages of cells expressing ZEBRA or Rta were always below 15% for the three cell lines, and related mean fluorescence intensities were less than 50, leading to a poor discrimination between positive and negative cells.
A comparison of the three other fixation-permeabilization procedures used on the three cell lines expressing EBV antigens is shown in Fig. 1 . After induction with TPA and nbutyrate, the expression of lytic-phase antigens by B95-8 and P3HR1 cells reached the same level, which was twice that obtained by the RAJI line. It is interesting that, when each procedure for preparing cells of each cell line is considered alone, levels of expression of both ZEBRA and Rta antigens were similar, except for B95-8 cells evaluated with AZ125 on cells prepared with the two commercially available methods. pressing the two antigens. However, mean fluorescence intensities were still higher when the PF/M method, which allowed better separation between negative and positive cells, was used.
These observations led us to select the PF/M method as the best procedure for preparing cells.
For a preliminary assessment of the feasibility of our technical procedure in the clinical situation, we tested PBMCs from a patient with a major EBV lymphoproliferative disorder for ZEBRA antigens. Occurence of viral replication was assessed by the detection of ZEBRA RNA messenger in PBMCs (Fig. 2) . Flow cytometry analysis (Fig. 3 ) also revealed the presence of ZEBRA antigens in about 5% of this patient's PBMCs.
DISCUSSION
EBV has been shown to remain latent in resting B lymphocytes in peripheral blood. This creates a reservoir of virus in contrast to lytic virus replication, which is thought to be restricted to differentiated epithelial cells in vivo. Recent studies using RT-PCR, and immunochemical techniques (20) have demonstrated that B cells in peripheral blood are a major site of virus production during primary infection (for a review, see reference 26). In rare cases, EBV leads to chronic active infection, which is characterized by persistent symptoms and signs of infectious mononucleosis, including persistent B-cell lymphocytosis. In such patients, EBV strains show strongly enhanced activity of the master lytic-phase gene ZEBRA (9) . Lytic-cycle replication in reactivated B cells may also be associated with B-cell lymphomas and lymphoproliferative disease (LPD), by shortening tumor latency and increasing the transformation of previously uninfected bystander B cells (23) .
We therefore focused our attention on ZEBRA/Rta expression with the versatile FACS methodology. This approach has previously been used in the context of EBV to detect latent or lytic-phase RNA in EBV cell lines by in situ hybridization (4, 12, 27) . Some studies have also used flow cytometry to detect EA-D or EA-R, EBV antigens expressed later in the replication cycle (10, 14) . One study reported the use of this technology to detect ZEBRA antigens expressed by anti-IgG-stimulated AKATA cells (29) . Our aim was to develop and optimize a simple technical procedure for the rapid quantification of immediate-early EBV antigens by flow cytometry.
The first step of our study was to identify which conditions for lytic-phase induction led to the highest levels of antigen expression, which would then allow us to accurately evaluate the optimal conditions for detecting those antigens with flow cytometry. Baseline levels of expression of ZEBRA antigen in the cell lines observed by flow cytometry agreed closely with those obtained with BZ.1 antibody under light microscopy (7). Not surprisingly, stimulation with the TPA plus butyrate combination led to a very significant increase of immediate-early antigens in all three cell lines. In RAJI cells, the procedure caused about 20% of the cells to enter the lytic phase, as previously observed for EA-D (10). We also noted that expression of both Rta and ZEBRA antigens, which are known to be expressed simultaneously (21) , reached similar quantitative levels, too.
These findings thus allowed us to evaluate the specificity and reactivity of the four anti-EBV MAbs used in our study. We then decided to retain only two of the four antibodies, AZ125 and AR5A9, which yielded the highest fluorescence intensities and hence allowed better discrimination between nonexpressing and expressing cells.
Selecting and optimizing the techniques used to prepare the cells is a very important step in the adaptation of flow cytometry to herpesvirus antigen detection, since they are located in the nucleus. Four fixation-permeabilization methods were selected and evaluated in parallel. All used paraformaldehyde, which provides good stabilization of permeabilized membranes (preventing the linkage of intracellular proteins with extracellular molecules) and increases the indirect fluorescence of intranuclear antigen (19) . For permeabilization, several different reagents were evaluated. Methanol is the most widely used reagent in the study of viral antigens by flow cytometry; it allows such antigens to be conserved over a long period (15) and increases the fluorescence of intracellular antigens (24) . The second procedure selected for our study used Tween 20, which provides better preservation both of the staining of surface antigen (important in the selection of B lymphocytes) and of measurements of light scatter (15) . Finally, for the two commercially available techniques, Fix&Perm and Intraprep, the exact formulae of the reagents for permeabilization were not disclosed to use by their respective manufacturers, but both contain saponin, whose efficacy in the investigation of nuclear viral antigens has never, to our knowledge, been evaluated.
Of the four procedures we tested, the one using Tween 20 was rapidly eliminated because it led to a substantial underestimation of antigen expression levels in all three cell lines. This was probably due to the fact that Tween 20 produces too gentle a permeabilization of the membrane and thus does not allow the antibody to reach its nuclear target (25) . The other three techniques led to broadly similar results. With the two techniques using saponin, Fix&Perm and Intraprep, higher percentages of cells expressing both antigens were obtained than with the PF/M technique on two of the cell lines, P3HR1 and RAJI. This finding shows that saponin produces satisfactory permeabilization of the nuclear membranes. However, fluorescence intensity was lower, which could impair discrimination between positive and negative cells and lead to a less accurate estimation of the percentage of cells expressing antigen. Finally, one of the principal limits of these two techniques from the point of view of routine laboratory use is that testing cannot be delayed. We therefore opted for the PF/M technique, which combines the possibility of storing methanoltreated cells at Ϫ70°C for more than a year without detectable loss of their internal antigen content (15) and with a greater fluorescence intensity. This technique is also the one previously chosen for the detection of cytomegalovirus antigen in polymorphonuclear leukocytes by flow cytometry (8) .
Preliminary evaluation of our procedure on PBMCs treated by PF/M was successful, in that we were able to demonstrate ZEBRA expression in the whole PBMCs from a patient with a lymphoproliferative disease. However, it should be noted that this was in the very specific context of extensive lymphoproliferation occurring in a patient who had received a nonmyeloablative allogeneic stem cell transplantation (17) .
Our study shows that the use of flow cytometry to detect lytic-phase EBV antigens is feasible. Flow cytometry's main advantages are that it allows objective quantification of cells expressing antigens and it detects low levels of antigen expression with a higher sensitivity than immunomicroscopy. We are currently adapting our technique to quantify B cells in the lytic phase in immunodepressed patients, using a double-labeling procedure. This allows B lymphocytes to be first targeted and then evaluated for EBV antigens. Such an approach has been already successfully applied to the direct quantification of cytomegalovirus antigens in polymorphonuclear cells (8) .
